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Abstract: The Protective Effects of Memantine on the Morphology And
Activity of Irradiated Dendritic Spines
Thanh T. Lam, M.S.
Advisory Professor: David R. Grosshans, M.D, Ph.D.

Although radiotherapy is an effective treatment for brain tumors, the adverse effects of
such treatments may result in a decline in cognitive functioning. To prevent or reverse such
radiation-induced cognitive dysfunctions, it is critical to understand the cellular and subcellular
effects of radiation. In this study, both Thy-1 YFP mice and cultured cortical neurons were used
to investigate changes in dendritic spines after cortical neurons were irradiated. The results
indicated that irradiation has long-term and acute effects on the cortical dendritic spines. A decline
in the density of the prefrontal cortical dendritic spines was observed one year after the irradiation
of 2-week-old mice and pre-treatment of memantine, an NMDA receptor antagonist, prevented
this decrease. Data also suggested that irradiation could have acute effects on the density and
morphology of prefrontal cortical dendritic spines. Irradiation induced a decrease in spine density,
decrease in proportion mushroom spines and increase in proportion stubby and branched spines.
Time-lapse imaging was used to characterize the alterations of the dendritic spines of cultured
cortical neuron upon radiation treatment, in real time, with or without memantine. The total
activity was immediately increased in the neuron group irradiated without memantine pretreatment, whereas the total activity of neuron group with both irradiation with memantine pretreatment was not significantly altered. Hydrogen peroxide (H2O2) also induced acute effects on
the dendritic spines of cultured cortical neurons. Both the spine density and dynamics were
altered. Memantine could decrease the impact of H2O2 on dendritic spine only when neurons were
treated with low concentration of H2O2. Together, these data help to understand more about the
mechanisms of radiation effects on neurons and the protective effects of memantine. Ultimately,
this may help lead to the development of better treatments for brain tumor patients.
v
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Chapter 1: Introduction
1.1.

Brain tumor, radiation therapy, cognitive and memory dysfunction

Brain tumors may be caused either by abnormal resident cells in the brain (primary tumor)
or by metastatic cancer cells from other parts of the body (secondary tumor). In children, age 014 years, brain and other center nervous system (CNS) tumors were the most common cancer site
[1] (Fig 1.1). From 2004 to 2010, it is estimated there were more than 200 per 100 000 individuals
in United States living with brain tumor [2]. In children and adolescents, brain and other CNS
tumors also account for the majority of mortality involved cancer [1]. While the most common
types of primary tumors in adult are meningiomas and gliomas, the most common malignant type
in children is medulloblastoma [1]
Treatment options for brain tumors include surgery, radiotherapy, and chemotherapy or
combinations thereof. There are also a variety of new therapies that are being developed in clinical
trials. For secondary brain tumors, radiation therapy is the most common treatment. The
advantage of radiation therapy is to kill tumor cells while leaving neurons alive. Although
radiotherapy is an effective treatment for brain tumors, the adverse effects of such treatment may
result in a decline in cognitive functioning [3, 4]. Young patients are particularly affected by
radiotherapy, usually having memory deficits leading to learning difficulties (Fig 1.2) [5-7]. These
effects could severely decrease a patient’s quality of life. Because of the negative impact on young
brains, sometimes chemotherapy is used for children in order to delay radiation. However,
chemotherapy may also be associated with toxicities and ultimately, radiation is often employed
out of necessity [8-11]. Currently, little is known of the mechanisms of radiation induced
cognitive dysfunction and effective methods for preventing cognitive dysfunction are sparse [1214]. Determining the mechanisms by which radiation negatively impacts brain function could
help lead to development of better treatments.
1

Figure 1.1: Annual average Age-Adjusted Incidence Rates of All Primary Brain and Other CNS
Tumors in Comparison to Other Common Cancers for A. Children Age 0-14 Years, B.
Adolescents and Young Adults Age 15-39 Years, and C. Older Adults Age 40+ Years, CBTRUS
Statistical Report: NPCR and SEER 2010-2014, USCS 2010-2013. Taken from CBTRUS
Statistical Report: Primary brain and other central nervous system tumors diagnosed in the United
States in 2010-2014. Neuro-oncology 2017, 19 [1]. Used with permission.
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Figure 1.2: Modeled intelligence quotient (IQ) scores after conformal radiation therapy (CRT)
by age for pediatric low-grade glioma. Age is measured in years, and time is measured in months
after the start of CRT. Taken from Late effects of conformal radiation therapy for pediatric
patients with low-grade glioma: prospective evaluation of cognitive, endocrine, and hearing
deficits. Journal of clinical oncology: official journal of the American Society of Clinical
Oncology 2009, 27(22):3691-3697 [15]. Used with permission.
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1.2.

Prefrontal cortex

The prefrontal cortex (PFC) a brain region within the frontal lobe. This region is associated
with planning complex cognitive behaviors.
The PFC is highly interconnected with other brain regions. Dorsal prefrontal cortex is
interconnected with the brain regions involved with attention, cognition, and action. Ventral
cortex is interconnected with brain regions involved with emotion (Fig 1.3) [11].
Memory consolidation is supported by pathways from the hippocampus to the PFC. The
PFC and hippocampus are linked by several direct and indirect pathways (Fig 1.4)[16]. Many
studies have shown that the PFC might not be the place to store information in working memory,
but instead to select and represent stimulus information [17, 18].
The role of the PFC in executive function was proposed in the Dynamic Filtering theory
by Shimamura [19]. In this theory, the PFC has the role of a filter that enhances goal-directed
activations and inhibits irrelevant activations. In the integrative theory of prefrontal cortex
function of Miller and Cohen, the PFC is significant when top-down processing is needed. the
PFC guides the inputs and connections, which allows for cognitive control of action[20].

4

Figure 1.3: (a) Lateral view, 0.9 mm from the midline. (b) Unilateral coronal section,
approximately 3.5 mm forward of bregma (depicted by the arrow above). The different shadings
represent the three major sub-divisions of the prefrontal cortex (medial, ventral and lateral).
Abbreviations: ACg, anterior cingulate cortex; AID, dorsal agranular insular cortex; AIV, ventral
agranular insular cortex; AOM, medial anterior olfactory nucleus; AOV, ventral anterior olfactory
nucleus; cc, corpus callosum; Cg2, cingulate cortex area 2; gcc, genu of corpus callosum; IL,
infralimbic cortex; LO, lateral orbital cortex; M1, primary motor area; MO, medial orbital cortex;
OB, olfactory bulb; PrL, prelimbic cortex; PrC, precentral cortex; VLO, ventrolateral orbital
cortex; VO, ventral orbital cortex. Taken from Prefrontal executive and cognitive functions in
rodents: neural and neurochemical substrates. Neuroscience and biobehavioral reviews 2004,
28(7):771-784 [11]. Used with permission.
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Figure 1.4: Direct and indirect connections between the prefrontal cortex (PFC) and hippocampus
and their functional roles. Schematic of the direct and some of the indirect connections between
the hippocampus and PFC. Arrows indicate direction of the projections. Functional roles of these
projections are indicated in the text next to the arrows; for details and supporting references, see
main text. AC, anterior cingulate cortex; dHPC, dorsal hippocampus; IL, infralimbic cortex;
mPFC, medial prefrontal cortex; NR, nucleus reuniens; PL, prelimbic cortex; vHPC, ventral
hippocampus. Taken from Hippocampal-Prefrontal Interactions in Cognition, Behavior and
Psychiatric Disease. Frontiers in systems neuroscience 2015, 9:190[16]. Used with permission.
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1.3.

Dendritic spines

Cognitive functions, including memory, are created by connections of neurons in the
brain. In the mammalian brain, dendritic spines serve as postsynaptic sites of excitatory synapses
receiving inputs from other neurons [21]. Dendritic spines are specializations which project from
neuronal dendrites. Spines are varied in sizes and shapes [22]. They are usually classified as thin,
stubby, mushroom and branched based on the size and shape of their head and neck (Fig 1.5)[22,
23]. Typically, in mature neurons, dendritic spines are 0.5-2 µm in length, with a density of 1-10
spines per µm of dendritic length. Besides dendritic spines, another type of dendritic protrusions
is dendritic filopodia [23]. Filopodia have hair-like structures. They are highly mobile and
repeatedly contact axons. During spine formations, filopodia may transform into spines. Spines
may also develop directly from new protrusions on the dendrites[24].

7

Figure 1.5: Geometric characteristics of dendritic spines allow for objective identification. (A)
Common dendritic spines types found in the cortex. Spine maturity progresses (from left to right)
from long, thin filopodia type structures (red) to wide-headed mushroom spines (blue) and the
occasional branched spine (purple). Geometric characteristics of spines, listed below each type,
are incorporated into the rapid spine analysis method. (B) Golgi-cox stained secondary dendritic
branch of a Layer II/III pyramidal neuron in mouse primary visual cortex. Different spine types
are indicated by arrowheads, color-coded to match A. Scale bar, 5 mm. Taken from Rapid Golgi
analysis method for efficient and unbiased classification of dendritic spines. PloS one 2014,
9(9):e107591 [23]. Used with permission.
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Dendritic spines have an essential role in controlling neuroplasticity [21, 25]. Dendrites
spines are dynamic structures. They can appear and disappear over short periods of time. They
are able to change their morphology within seconds. The continuous alteration of morphology
shows the plastic nature of dendritic spines and synaptic connections. In normal culture condition,
the dendritic spines density of CA1, an area of hippocampus, pyramidal neuron is stable while the
spines generate and retract at the same rate. Dendritic spines with their function and interactions
may also provide the basis of memory [25, 26]. Different spine structures and densities may
represent changes in synaptic strength[21]. In normal condition, this plasticity is usually
determined by active interactions between the neurons [27]. Altering spine activity could lead to
memory and cognitive dysfunction [28].
Dendritic spines can be considered as a calcium compartments. The rise of Ca2+ in spines
may stimulate rapid changes of the shape of the spine and spines also manipulate NMDA receptordependent Ca2+ signaling in dendrites [29]. Several in vitro studies have shown that irradiation
could change the function of NMDA receptor, dendritic spine morphology and density [30-32].

1.4.

Memantine and the NMDA receptor

In a clinical trial conducted by Dr. Paul D. Brown[33], it was shown that cognitive
dysfunction resulting from radiotherapy could be prevented partially by memantine, an NMDA
receptor antagonist [33, 34]. However, the mechanism of the protective effect of memantine is
still unknown. Having a better understanding of the cellular basis for this effect could help
improve cognitive outcome in those receiving radiotherapy.
Memantine is well known as a medication used to treat Alzheimer’s disease. As an NMDA
receptor antagonist, memantine has a low-affinity and voltage-dependent binding with NMDA
receptors. Memantine inhibits the prolonged influx of Ca2+ by binding with the NMDA receptor
9

(Fig 1.6) [35-37].
NMDA receptor is a glutamate receptor and ion channel protein found in nerve cells. The
mechanism of opening and closing of the NMDA receptor is complex. It is activated
when glutamate and glycine bind to it. When the NMDA receptor is activated, positively charged
ions flow through the channel of the receptor into the cell[38, 39]. NMDA receptors are essential
for memory function [40]. NMDA receptors regulate synaptic plasticity and the intracellular
calcium influx is important for learning and memory [41].
NMDA receptors also regulate spine dynamics. Many studies have shown that the density
of dendritic spines is regulated by glutamatergic transmission and glutamate receptor subtypes
located on dendritic spine heads [22, 42, 43]. NMDA receptors mediate the destabilization of factin associated with dendritic spine loss [44].
Determining the mechanism behind the effect of radiation and memantine on dendritic
spine could help lead to the development of better treatment. We hypothesize that the memantine
could protects dendritic spines of prefrontal cortex neurons from irradiation damage. In my
research, there are two aims. The first aim is to determine the effects of irradiation on density and
activity of dendritic spines. The second aim is to determine the protective effects of memantine
on the irradiated dendritic spines.

10

Figure 1.6: Schematic of the topology and pharmacological recognition sites of NMDA receptors.
Two major subunit families designated NR1, NR2 as well as a minor modulatory subunit
designated NR3 have been cloned. Functional receptors in the mammalian CNS are, almost
certainly, only formed by tetrameric assemblies of two NR1 and two NR2 subunits which express
the glycine and glutamate recognition sites, respectively [45]. NR3 (NRL or Chi-1) is expressed
predominantly in the developing CNS and does not seem to form functional homomeric
glutamate-activated channels but co-expression of NR3 with NR1 and NR2 subunits decreases
response magnitude [46, 47]. There are four known subtypes of NR2 (A, B e illustrated, C and D)
and eight splice variants of NR1. Binding of agonists such as glutamate and NMDA and coagonists such as glycine and D-serine to both recognition sites on the receptor subunit assembly
are required for receptor activation. Competitive antagonists such as D-AP5 and glycine
antagonists such as 5, 7-DCKA (5, 7-dichlorokynurenic acid) bind to recognition sites, which may
be distinct to the agonist recognition sites but isosterically tightly coupled in such a way as to give
a competitive interaction. All NMDA receptors are permeant to Ca2+, Na+ and K+. The open
NMDA channel is blocked by Mg2+ and uncompetitive NMDA receptor antagonists such as
11

memantine and MK-801 in a voltage-dependent manner although the potency, speed and voltagedependence of this effect depends on antagonist affinity and subunit composition. There are
similarities in the channel domain of NMDA and non-NMDA receptors and mutations at the Q/R
site responsible for determining Ca2+ permeability of AMPA/kainate receptors also influence the
potency of channel blockers of the NMDA receptor at the asparagine N-site. Polyamines such as
spermine and spermidine are positive modulators binding to NR2B subunits but also block the
channel at higher concentrations. Ifenprodil is the prototypic ‘‘selective” antagonist for NR2B
containing receptors. Zn2+ is a potent, voltage-independent antagonist at NR2A containing
receptors. In addition, most NMDA receptors are influenced by Zn2+ ions in a voltage-independent
manner and by redox, histamine and steroids. Taken from Memantine: a NMDA receptor
antagonist that improves memory by restoration of homeostasis in the glutamatergic system - too
little activation is bad, too much is even worse. Neuropharmacology 2007, 53(6):699-723 [37].
Used with permission.

12

Chapter 2: Materials and Methods
All animal studies were approved by the Institutional Animal Care and Use Committees
at Baylor College of Medicine and The University of Texas MD Anderson Cancer Center.
2.1.

In Vitro Studies

2.1.1. Cell Culture
Neurons were dissociated from the prefrontal cortex of embryonic E18 Long–Evans rats
(Envigo, Indianapolis, IN) [48]. Pregnant rats were euthanized by using CO2 in a rodent chamber,
followed by cervical dislocation. Embryonic rats were then removed and decapitated. Embryonic
brains were dissected to collect the prefrontal cortex. Neurons from prefrontal cortex were
cultured at a density of 60,000 cell/dish in a 35-mm dish containing glass slides treated with nitric
acid and coated with laminin and poly-d-lysine. Neurons were cultured in Neurobasal medium
with B27 supplement (Invitrogen), 2 mM glutamine, and 100 U/mL penicillin/streptomycin.
Culture dishes were put in a humidified incubator with 5% CO2 at 37°C. The culture medium was
changed 24 hr after dissection. Neurons were transfected with eGFP after six days in culture by
the calcium phosphate method [49].

2.1.2. Radiation, Hydrogen peroxide, and Memantine Treatments
To evaluate the effects of irradiation and memantine, cultured neurons were irradiated and
treated with memantine (40 µM) [48, 50]. Culture neuron dishes were divided into 4 groups: sham
+ vehicle (phosphate buffered saline), irradiation + vehicle, sham + memantine, and irradiation +
memantine. Prefrontal cortex neurons, after 21 days in vitro, were irradiated with clinical 6MV
x-rays using a linear accelerator (LINAC) system for 1 min (equivalent to 14.7 Gy). Neurons were
pre-incubated with memantine or vehicle 1hr before irradiation or sham treatment.
To evaluate the effects of oxidative stress induced by hydrogen peroxide and memantine,
13

cultured neurons were treated with vehicle or memantine (40µM), along with hydrogen peroxide
at 0 µM, 50 µM, 100 µM, or 200 µM [51, 52]. Hydrogen peroxide (Sigma) was added to neuron
cultures to simulate the effect of oxidative stress. Neurons were pre-incubated with memantine or
vehicle 1 hour before hydrogen peroxide treatment.

2.1.3. Microscopy
To observe the effects of irradiation and memantine on dendritic spines, a customized
confocal microscope system built in Dr. Gabriel Sawakuchi’s lab, which could be mounted on a
LINAC, was used to take time-lapse images [53]. Time-lapse images were taken from 10 min
before irradiation to 60 min after irradiation with a 10-min interval. Memantine or vehicle was
added 60 min before irradiation. Images size x: 200 µm, y: 200 µm, z: 10 µm. Scaling x: 0.195
µm, y: 0.195 µm, z: 0.830 µm.
Zeiss confocal microscope system was used to take time-lapse images for the effects of
oxidative stress induced by hydrogen peroxide and memantine. Time-Lapse images were taken
from 15 min before hydrogen peroxide treatment to 60 min after with a 15-min interval.
Memantine or vehicle was added 60 min before hydrogen peroxide treatment. Images size x:
134.82 µm, y: 134.82 µm, z: 20.30 µm. Scaling x: 0.132 µm, y: 0.132 µm, x: 0.700 µm.
2.2.

In Vivo Studies

Thy1-YFP line H mice were used for animal studies. There are also 8 groups of mice:
irradiated/shame x memantine/ vehicle x perfusion after 1 hour/ 1 year. For the long term
experiment, mice were irradiated whole brain by XRAD 225Cx Irradiator with 10 Gy at 14 dayold. For the short-term experiment (Fig 2.1), the whole body of 21-23 postnatal day mice were
irradiated with 10 Gy using a Cesium source. Mice were treated with 5 mg/kg memantine or
vehicle via gavage 24h, and 1h before irradiation. To evaluate the short-term and long-term effects
14

of irradiation and memantine, mice were perfused with saline and paraformaldehyde one hour or
one year after irradiation, respectively. Their brains were harvested and fixed in paraformaldehyde
4%. The brains were rinsed with PBS and stored in 30% sucrose 24 hour later. The 30 µm coronal
brain sections were cut by Cryostat and processed for imaging. Zeiss confocal microscope system
was used to obtain images of brain coronal sections (2.4 to 2.8 mm Bregma). Images size x: 112.35
µm, y: 112.35 µm, z: 19.5 µm. Scaling x: 0.110 µm, y: 0.110 µm, x: 0.500 µm.

2.3.

Data Analysis

Dendritic spine images were analyzed by NeuronStudio software (Computational
Neurobiology and Imaging Center,New York, NY). Before analysis, the images were processed
by ImageJ to achieve required format and quality. Secondary and tertiary dendrites, which have a
spine density of 50-100 spines/100 µm, were chosen for analysis.
Using NeuronStudio software, spines were classified to subtype including: thin, stubby,
mushroom, and branch spine. Software classified subtype spine base on neck ratio (head to neck
diameter ratio), thin radio (length to spine to head diameter), mushroom size (head diameter) and
head shape (Figure 2.2).
For in vitro neuronal cultures, images that were obtained at 3 min, 30 min, and 60 min
after treatment were compared with images captured before treatment to determine the dynamics
of the dendritic spines. Dendritic spine dynamics is defined as changes in spine morphology,
including creation (new protrusion appears on dendrite), elimination (spine disappears),
elongation (spine neck increases >50% its length), shortening (spine neck decreases >50% its
length), spinule formation (new protrusion appears on spine head), head enlargement (spine head
increases >50% its diameter), and head shrinkage (spine head decreases >50% its diameter). For
in vivo studies, total number of spines was counted for comparison between groups.
15

2.4.

Statistical Analysis

Data were presented as means ± SEM (standard error of the mean). Statistical analysis
was performed using Microsoft Office Excel and Graphic Prism. Statistical significance was
determined by using Student’s t-test.

16

Figure 2.1: Long-term effects of irradiation on the prefrontal dendritic spines. Thy1-YFP mice
were assigned in 4 groups: sham plus vehicle, sham plus memantine, XRT plus vehicle, and XRT
plus memantine. Two-week-old mice received whole brain irradiation of 10 Gy. Mice were
treated with 5 mg/kg memantine or vehicle via gavage 24h, and 1h before irradiation. Mice were
perfused with 4% paraformaldehyde one year after irradiation. 30 µm coronal brain sections were
cut by Cryostat and processed. Zeiss confocal microscope system was used for imaging (2.4 to
2.8 mm Bregma).
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Figure 2.2: NeuronStudio classifies spines into subtype base on neck ratio, thin ratio, mushroom
size and head shape.

18

Chapter 3: Results
3.1.

The long-term effects of irradiation and memantine on prefrontal cortical

neurons
The goal of this study was to investigate changes of dendritic spines and the protective
effects of memantine in mice that had been irradiated one year ago. Studies have shown that
radiation not only impacts mitotic cells but also the complex and dynamic interactions among
cells in the brain [13]. Many studies have revealed impaired learning, decline, and other
behavioral changes in mice after brain irradiation [54, 55]. It has been shown that in mice, cranial
irradiation induces alterations in spine density and morphology in the hippocampus in a timedependent and region-specific manner [31]. Most studies have focused on hippocampal dependent
cognitive deficits. The hippocampus and prefrontal cortex are linked by several pathways [17,
18]. As noted previously the prefrontal cortex has an important role in memory and other cognitive
domains yet the effects of irradiation on prefrontal cortical dendritic spine structure is unknown.
In this research, we focused on the effects of irradiation and potential protective effects of
memantine treatment as it relates to prefrontal cortical dendritic spines.
We first investigated the long-term effect of irradiation and memantine treatment (Fig 2.1). In
mice that received irradiation (10Gy) but no memantine pre-treatment, the density of the
prefrontal cortical neuron dendritic spines was 0.94±0.12 spine/µm, significantly lower than the
control group (sham plus vehicle treatment, 1.10±0.13 spine/µm) (Fig 3.1 C). No significant
difference in the spine density was observed between the control group and the group that received
both irradiation and memantine pre-treatment (1.14±0.14 spine/µm). There was also no
significant difference between control group and the group that received sham plus memantine
treatment (1.10±0.12 spine/µm).

19

Figure 3.1: Long term effects of irradiation and memantine treatment on prefrontal cortical
dendritic spine density. A) Dendrites and axons of prefrontal cortical neurons expressing YFP
(bar is 10 µm). B) Arrows indicate dendritic spines (green: thin spine; blue: stubby spine; yellow:
mushroom spine; red: branched spine) (bar is 5 µm). C) Dendritic spine density decrease in the
group of mice that was irradiated without pre-treatment with memantine. Data are show as means
± SEM (n=10-15).
20

Spines have traditionally been classified by neck and head shapes as thin, stubby,
mushroom and branched [23, 56] (Fig3.1 B). The types of spines in each treatment group were
analyzed to further examine the effects of radiation and memantine. Results suggest that the types
of spines in irradiated mice treated with memantine were significantly different from those of
other groups (Fig 3.2). The mice that received both radiation and memantine treatment had the
highest ratio of thin spines (29±2%), compared with the group that only received radiation
(16±2%), control group (13±3%), and the group receiving sham plus memantine (16±2%). While
their mushroom spine proportion (63±2%) was lower than the other groups (irradiation plus
vehicle 77±2%, control group 74±4%, and sham plus memantine 74±3%). There is no significant
difference in percentage stubby spine among four groups. Percentage branched spine was very
low in all groups (1-3%).
Spine density analysis showed that while the density of thin spines increased in mice
treated with irradiation and memantine, the density of mushroom spines was not different from
those of other groups (Fig 3.3).
Taken together, these results suggest that both radiation and memantine have effects on
the dendritic spines of young mice. A decline in the density of the prefrontal cortical dendritic
spine has been observed one year after the irradiation of 2 week old mice. Pre-treatment of
memantine prevented such decrease. Detailed analysis of different types of dendritic spines
revealed that both ratio and density of thin spines in mice that received both irradiation and
memantine treatment were higher than those of other groups.
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Figure 3.2: Effects of irradiation and memantine on the morphology of dendritic spines. Analysis
of percentage type spine reveals that group treated with radiation plus memantine had a higher
percentage of thin spines and lower percentage of mushroom spines compared with three other
groups. Data are presented as mean ± SEM.
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Figure 3.3: Effects of irradiation and memantine on the density of each type of spine. The density
of thin spines in the group receiving irradiation treatment without pre-treat memantine is lower
than the irradiated group pretreated with memantine (B). Other types of spines did not have
significant difference among groups (A, C, D). Data are shown as mean ± SEM.
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3.2.

The short-term effects of irradiation and memantine on prefrontal cortical

neurons
The dendritic spine is a dynamic structure which can appear, disappear or change the shape
in a short time interval from seconds to hours [42, 57]. A recent study reported that hippocampal
neurons could have an increase in spine density as a result of the acute effects of irradiation [48].
Here we proposed that radiation could acutely induce changes in density and structure of the
dendritic spines of prefrontal cortical neurons.
To investigate the above hypothesis, 3-week old mice brains were collected one hour after
irradiation. Images of prefrontal cortical neurons were used to analyze the density of dendritic
spines (Fig 3.4). The results showed that dendritic spine density of the control group (sham +
vehicle, 1.15±0.16 spine/µm) was higher than those of the groups that received radiation with or
without memantine treatment (0.96±0.13 spine/µm and 0.97±0.13 spine/µm, respectively) (Fig
3.5). It was also higher than the group that received memantine treatment only (0.99±0.19
spine/µm). It was also noted that the density of dendritic spines in the treatment groups was lower
than the control group (sham + vehicle).
As shown in Fig 3.5, there was a sex difference in the change of the density of dendritic
spines upon irradiation and/or memantine treatment. No significant difference was observed
among the 4 groups of male mice, while significant decrease in dendritic spine density was
observed in all 3 non-control groups of female mice.
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Figure 3.4: A) Coronal brain slice with neurons expressing YFP (Bar is 1mm); B) Dendrites and
axons of prefrontal cortical neurons (Bar is 40µm). C) Arrows indicate different dendritic spines
(green: thin spine; blue: stubby spine; yellow: mushroom spine; red: branched spine) (Bar is 5
µm).
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Figure 3.5: The short-term effects of radiation and memantine on the density of prefrontal cortical
dendritic spine. A) Density of dendritic spines of prefrontal cortical neurons after radiation and/or
memantine treatment. The control group had the dendritic spine density higher than three other
groups. B, C) Male and female mice were separated for sex difference comparison. Female control
group also had the dendritic spine density higher than three other groups. There was no significant
differences in spine density between four male mice.
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Further analysis of spine types suggested that radiation could induce changes in spine
morphology (Fig 3.6). In the group that received irradiation only, the proportions of stubby spines
(16±1%) (Fig 3.6 A) and branched spines (7±1%) (Fig 3.6 D) were increased compared to the
control group (10±1% and 3±1%, respectively), while the proportion of mushroom spines
(45±2%)(Fig 3.6 C) was lower than that of the control group (58±3%). However, the ratios of
stubby, thin, mushroom, and branched spines in the group that received both irradiation and
memantine treatment were not significantly different from the group that received irradiation
only.
This observation suggest that radiation could have acute effects on dendritic spines of
prefrontal cortical neurons. Radiation could induce a decrease in spine density and changes in
spine morphology. However, the effects of memantine on irradiated mice was not clear. After
irradiation, mice treated with memantine had similar spine density and similar proportions of
spine types with the mice treated with PBS. Taken together, these results suggested there is a
difference between the acute and long-term effects of radiation on dendritic spines.
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Figure 3.6: The short-term effects of irradiation and memantine on the morphology of prefrontal
cortical dendritic spines. Proportion of stubby and branched spines of the control group was lower
than the group that received irradiation (w/wo memantine). Proportions of mushroom type spines
of the control group was higher than the group that received radiation (w/wo memantine). There
was no significant difference in proportion of thin spine between four groups. Data are shown as
mean ± SEM.
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3.3.

The acute effects of radiation on spine dynamics

To further investigate the acute effects of radiation on dendritic spines and the protective
effects of memantine, cultured cortical neurons were used. A specialized confocal microscope,
which can be placed on the couch of a clinical LINAC [53] was used for imaging. Time lapse
images of cortical neurons in culture could be captured during irradiation. Therefore, the
dynamics of dendritic spines could be investigated seconds to minutes after irradiation.
A significant increase in spine density at 30 min (120.9% ± 3.4%) and 60 min (119.2% ±
4.1%) after irradiation (Fig 3.7) was observed when compared with the control (99.8 %±4.2% and
99.7%±3.3%). This increase was repressed when memantine was added to the medium before
irradiation (Fig 3.7 C & D). The dynamics of dendritic spines in the control group (sham + vehicle)
remained relatively stable over time (data not shown).
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Figure 3.7: Acute effects of irradiation on dendritic spine density. A, Creation (green arrow) and
elimination (red arrow) of spines (bar is 2µm). B, C, and D, Increased spine density after
irradiation was prevented by memantine pre-treatment. Data are shown as mean ± SEM
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To measure the dynamics of dendritic spines, the number of spines that had undergone
significant morphological changes (in head shape, head diameter, and neck length) were counted.
Morphological changes include creation, elimination, elongation, shortening, spinule formation,
head enlargement, and head shrinkage (Fig 3.8).
The total number of spine activities is the sum of all types of activities at three time-points:
3, 30, and 60 min after treatment (Fig 3.9). Comparing with the control group (sham + vehicle,
8±2 activities per 100 spines), the total activity was increased significantly in the neuron group
irradiated without memantine pre-treatment (22±4 activities per 100 spines), whereas the total
activity of neuron group with both radiation and memantine treatments was not significantly
altered (9±3 activities per 100 spines). This increase in spine dynamics was immediate after
irradiation.
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Figure 3.8: The acute effects of irradiation on spine dynamics. A) Morphological changes of
dendritic spine include creation, elimination, elongation, shortening, spinule formation, head
enlargement, and head shrinkage (Bar is 5µm). B) Data show the spine activity of the group of
neurons which received radiation without pre-treatment with memantine were higher than other
groups, especially in head shrinkage. Data are shown as mean ± SEM.
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Figure 3.9: The acute effects of irradiation on spine dynamics. A) Analysis of spine activities
revealed the neuron which received radiation without memantine had activities significantly
higher than the three other groups. B) Data of the neuron group which only received radiation
also showed activity increase immediately after radiation treatment and continued increase after
that. Data shown as mean ± SEM.
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3.4.

Effects of oxidase stress on dendritic spines

One of the many effects of irradiation is the generation of damaging reactive oxygen
species (ROS), associated with oxidative stress [58]. To simulate the radiation-induced oxidative
stress effects on dendritic spines, hydroxyl peroxide (H2O2) was been added at concentrations of
50 µM, 100 µM, and 200 µM to the medium of neurons in culture. Spine density and dynamics
were analyzed.
Most of the neuron treated with H2O2 at 200 µM died within 4 hours of treatment (Fig
3.10). Therefore, only data from neuron groups treated with H2O2 at 50 and 100 µM were used to
analyze the effects of oxidative stress on dendritic spines.
Immediately after H2O2 was added, the spine density of neurons without memantine pretreatment remained unchanged, whereas the spine densities of neurons treated with memantine
were decreased (Fig 3.11 A). However, 30 min after H2O2 treatment, all neurons treated with H2O2
showed a significant increase in spine density (Fig 3.11 B). 60 min later, neurons treated with 50
µM H2O2but without memantine had a more significant change in density (114% ± 3%) than other
groups (Fig 3.11 C).
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Figure 3.10: Effects of H2O2 at 200µM on neuron. Most neurons died within 4 hours after
treatment with H2O2 at 200µM. (Bar is 50µm).
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Figure 3.11: Effects of hydrogen peroxide (H2O2) on dendritic spines. Change in spine density of
cultured cortical neurons 3, 30, and 60 minutes after treatment with H2O2. Results indicate that
H2O2 induces spine density increase 30 and 60 minute after treatment. Data are shown as mean ±
SEM.

37

As shown in Fig 3.12, spine activities were increased immediately after application of
H2O2. 30 and 60 min later, the spine activities of the groups treated with H2O2 were still higher
than the control group. Memantine partially reversed the effect of H2O2 at 50 µM but did not
significantly affect the group treated with 100 µM H2O2.
Overall, the results suggest that H2O2 affects the dendritic spines of cultured cortical
neurons. Both the spine density and dynamics were altered. The effects of H2O2 were acute.
Memantine could decrease the impact of H2O2 on dendritic spine only when neurons were treated
with lower concentration of H2O2.
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Figure 3.12: Effects of hydrogen peroxide on dendritic spine dynamics. A) Overall, hydrogen
peroxide increased spine dynamics and memantine partially reversed the effects in cultured
cortical neurons. B) The increase of activity induced by hydrogen peroxide happened immediately
after neurons were treated with hydrogen peroxide and continued 30 and 60 minute after
treatment. Data are shown as mean ± SEM.
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Chapter 4: Discussion and Future Directions
Radiotherapy is an effective method for treating brain tumors. However, it still has critical
adverse effects including cognitive decline [14, 59]. To prevent and reverse such radiationinduced cognitive dysfunctions, it is critical to understand the cellular and subcellular mechanisms
of the effects of radiation. Most excitatory synapses placed on dendritic spines are where the
neurons link with each other to form neural circuits. Changes in dendritic spine density and
morphology indicate changes in neural circuitry [21, 27, 60]. In this research, both Thy-1 YFP
mice and cultured cortical neurons were used to investigate the changes in prefrontal dendritic
spines after cortical neurons were irradiated.
Previous research showed that irradiation has a persistent and adverse impact on
hippocampal neurons, including alterations of dendritic spine density, spine morphology, and
synaptic proteins that have long-term effects on synaptic plasticity [31, 61]. One year after
irradiation, young mice showed decreased hippocampal neurogenesis, abnormal behavior, and
impaired reversal learning [55]. Here we have shown that irradiation also have long-term effects
on the prefrontal cortex (PFC). The density of dendritic spines of PFC neurons is significantly
decreased at one year after irradiation (Fig 3.2). Further analysis of different types of dendritic
spines revealed that irradiation also altered the morphology of dendritic spines (Fig 3.3 & Fig
3.4).
Dendritic spines are dynamic and can move and change shapes in minutes [62]. Therefore,
investigating the acute changes of dendritic spines upon irradiation could help us further
understand the short-term effects of irradiation on neurons. Previous study on hippocampal
neurons showed that irradiation could immediately elongate dendritic spines by reducing
cytoskeletal proteins [30]. It is also reported that a rapid increase in spine density and excitatory
synapses in hippocampal neurons have been observed one hour after irradiation [48]. Here we
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showed that the density of dendritic spines in PFC is decreased one hour after irradiation (Fig
3.6). The morphology of the spines is also changed (Fig 3.7). The proportion of mushroom spines
is decreased while the stubby and branched spines are increased upon irradiation. The increase of
branched spines could indicate neural circuit rewriting [63]. The changes of mushroom and stubby
spine proportions could correlate with the changes of AMPA and NMDA receptors in spine head
[29, 64].
In previous studies, neurons were treated, fixed, and then imaged. Hence no real-time
movement or morphologic changes of dendritic spines were observed. By using the portable
confocal microscope system on cultured cortical neurons, time-lapse images of irradiated
dendritic spines can be captured and analyzed in clinically relevant radiation fields. Results
showed that irradiation induce acute changes in spine dynamics (Fig 3.8, 3.9 & 3.10). After
irradiation, the activities of the spine head is increased (Fig 3.9 & 3.10). The increase of the
dendritic spine density can be observed 30 min and 1 hour after irradiation (Fig 3.8). Ayanabha
Chakraborti et al. showed that cranial irradiation of mice caused a decrease in dendritic spine
density in the hippocampal DG and CA1 areas one week after irradiation [31]. Other studies also
suggested that losing dendritic spines is a long-term effect of irradiation [30, 60]. Our in vivo
experiments also revealed a decrease of dendritic spines of prefrontal cortical neurons, both long
term and acutely after irradiation. However, the density of dendritic spines of cultured cortical
neurons is increased 30 min and 1 hour after irradiation (Fig 3.8). This discrepancy showed that
there is a difference of effects of irradiation on in vivo and in vitro models. The acute increase of
dendritic spine density was also observed in cultured hippocampal neurons [48]. These results
prove there is a difference between the acute effects of radiation from the chronic effect.
The acute increase of spine density could have contributed to the alteration in the neural
circuit, leading to the later decreased density. So Hasegawa and colleagues have shown the
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increase in dendritic spine activity is associated with spine elimination [25]. In this study, the data
showed that the dynamics of dendritic spines of cultured cortical neurons was immediately
increased after irradiation. The mechanism underlying this acute increase and chronic decrease of
dendritic spines could be explained by the increased dynamic activities of the spines. Our data
also showed that a significant number of spines have alterations of their head volume. The head
shrinkage or enlargement could indicate changes of synapses [21]. Therefore, the connections
between neurons could decrease even when the number of spines increases. This alteration in
connection could lead to the reduction in spine later [42].
Some NMDAR antagonists could affect dendritic spines. Mice treated with Ketamine, an
NMDA receptor antagonist, could increase or decrease cortical dendritic spine density depending
on the dose [43]. In research of autism and fragile x syndrome, memantine, also an NMDA
receptor antagonist, could promote synapse formation, increase spine formation and stimulate
development of mushroom spines [50]. Clinically, memantine treatment could reduce the advert
effects of radiotherapy [65]. Patients receiving memantine treatment had delayed cognitive
dysfunction [33]. Memantine also could prevent acute radiation-induced toxicities in cultured
hippocampal neurons [48]. Our results indicate that memantine also had the protective effect to
the cortical neuron. In our long-term in vivo study, memantine prevented the decrease in spine
density (Fig 3.2). In cultured neurons, memantine prevented the increase of spine density (Fig
3.8). Applying memantine in the culture medium before irradiation could prevent the acute effect
of radiation on dendritic spines. Both dendritic spine density and activity were maintained at a
steady level upon irradiation.
Irradiations can induce oxidative stress, mainly through reactive oxygen species, which
could alter behaviors in irradiated animals [66]. The use of H2O2 to simulate oxidative stress
resulted in an effect similar to that induced by oxidative stress and radiation on dendritic spines.
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Both simulations increased the dendritic spine density and activity after one hour. This result
indicated that the acute effect of radiation on dendritic spines could occur through oxidative stress.
Our findings agree with those reported by Ting Huang et al. [67], which showed that oxidative
stress occurs after low-dose radiation and provides the underlying mechanism for the decrease in
cognitive functions.
Memantine also showed a protective effect toward neurons treated with 50 µM H2O2.
However, at a higher concentration of hydroxyl peroxide (100 µM), no difference was observed,
regardless of memantine pre-treatment (Fig 3.13), indicating that the protection effect applied
only to low levels of oxidase stress.
In conclusion, we have used time-lapse imaging to characterize alterations of dendritic
spines after radiation or H2O2 with or without memantine. By analyzing these images, we have
identified the acute effects of radiation on dendritic spines, whose density and activity were both
increased. The results also indicate that radiation affects neurons through oxidase stress. The acute
effects of radiation on cortex neurons could be prevented by memantine. These results could help
explain the mechanism of cognitive decline observed after radiotherapy and could facilitate
development of effective methods to prevent radiation-induced cognitive dysfunction.
We also demonstrated that memantine could prevent the impact of radiation on neurons,
preventing changes in spine dynamics. Third, we showed that oxidative stress induced similar
effects in cultured neurons; the dendritic spine density and activity increased after H2O2 treatment.
Thus, our studies showed that radiation could impact the cortical dendritic spine, whereas
memantine could prevent that process. Further studies of the change of synapses in the spine head
during irradiation could help understand more about the effects of irradiation and memantine on
the neuron. The portable confocal microscope system could be used for drug screening. It could
help find ways to improve radiotherapy and reduce its adverse effect.
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